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The paper describes the study of three methods of evaluation of the small signal gain coefﬁcient and the
dissipative losses of three-level microchip lasers. Engaging optimization procedure for cw lasers a very
simple way to compare these methods was proposed. On the basis of laser generation investigations
and calculations the most accurate method was chosen.
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For applications where the beam quality, small size and sim-
plicity play signiﬁcant role microchip lasers are one of the most
desirable types of lasers [1–7]. Very important step to develop a
microchip laser characterized by high efﬁciency is its optimization.
In case of actively q-switched or cw lasers the optimization consist
in evaluation of the output coupler reﬂection which maximizes the
output power for given gain medium and pump intensity. In case
of passively q-switched lasers the optimization consist in evalua-
tion of the output coupler reﬂection and the small signal transmis-
sion of the saturable absorber that maximize the pulse energy,
peak power or pulsewidth for the given gain medium, saturable
absorber and pump intensity. The crucial input parameters for
optimization procedure are the initial gain coefﬁcient and the dis-
sipative losses experimentally evaluated for the given resonator
[8–11]. In case of four-level laser this task is relatively simple
because of the linear relation between ln(R) (R-reﬂectivity of the
output mirror) and the pump power at the threshold [12,13].
However in case of three-level laser the situation becomes much
more complicated, especially for microchip lasers. In the literature
one can ﬁnd three different methods to calculate these parameters
for such lasers [11–13], but there is no information which of them
is the most accurate. The aim of this article is to fulﬁl this shortage
in the literature. On the basis of experimental investigation the
authors present the comparative analysis of these methods show-
ing which one is the most accurate and should be applied toevaluation of the small signal gain coefﬁcient and the dissipative
losses of three-level microchip lasers. The result of this article
may be of special interest to microchip laser designers.
2. Methods
The most common method to determine the small signal gain
coefﬁcient ki and the dissipative losses L of three-level microchip
lasers consist in evaluation of the pump power at the threshold
Pth for different reﬂections of the output couplers R and approxima-
tion of these data points by the following equation [12,13]:
 lnR ¼ 2a0 KPth  1KPth þ 1 l L ð1Þ
where a0 is the absorption coefﬁcient and l is the length of the gain
medium.
The parameter K is expressed by the equation K = g/Va0Is, where
g = gpgtgagQgSgB, IS = hmL/rsf, and V is the volume of the gain med-
ium, gp is the pump source efﬁciency, gt is the radiation transfer
efﬁciency, ga is the absorption efﬁciency, gQ is the quantum efﬁ-
ciency, gS is the quantum defect efﬁciency (Stokes factor), gB is
the beam overlap efﬁciency, h is the Planck’s constant, mL is the
laser frequency, r is the emission cross section of the gain medium,
sf is the relaxation time of the active medium.
Evaluating pump power at the threshold for different reﬂections
of the output couplers and approximating these data points by Eq.
(1), knowing a0 and l, one can calculate L and K.
The relation between the small signal gain coefﬁcient ki and the
pump power Pp is expressed as [11]
Table 1
The main parameters of the glasses.
Sample l (mm) NEr  1019 (cm3) NYb  1021 (cm3) a0 (cm1)
Concentrated 1.0 15.0 4.20 32.8
EAT14-2 1.0 10.0 2.00 15.8
EAT14-4 1.5 10.0 2.00 15.8
PAL77-1 1.9 8.9 1.73 19.4
PAL77-2 1.9 8.9 1.73 19.4
PAL80-1 1.9 9.1 1.72 18.9
PAL80-2 1.9 9.1 1.72 18.9
PAL80-3 1.9 9.1 1.72 18.9
AR@1535 nm
Pumping beam 975 nm
HT@975 nm
HR@1535 nm 
Active medium
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In case of microchip lasers, the approximation of the data points
by Eq. (1) may require special software procedures in order to cal-
culate L and K correctly. It is caused by the fact that the reﬂection
coefﬁcients of the output couplers, enabling to achieve laser gener-
ation, differ from each other only by few percent. This in turn,
results in the situation where the data points are too close to each
other and encompass small part of the approximation curve.
Moreover this method requires achieving laser generation for sev-
eral output couplers.
Evaluation of L and K can be also done using the second method,
which does not require determining the pump power at the
threshold for different reﬂections of the output couplers. In this
case the determination of the pump power at the threshold and
the slop efﬁciency of the laser for only one output coupler is sufﬁ-
cient. This method consist in solving the following coupled equa-
tions [12]
rS ¼ ð1 LNÞð1 RÞðL lnRÞ KPF ð3ÞFig. 1. Coating of the active media.
Optics
Output 
coupler
5 mm
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Active 
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Fig. 2. Experimental setup.Pth ¼ ð1þ LNÞð1 LNÞK ð4Þ
where LN = (L  ln R)/2a0l and rS is the slop efﬁciency, PF is the total
ﬂuorescence power at the inversion described as PF = VhvLntot/2sf
where ntot is the total concentration of the active ions in the
medium.
This method seems to be simpler then the ﬁrst one because it
does not require conducting many experiments, however, the
exact volume of the gain medium has to be known. Even though
one can calculate the shape of the pumping beam inside the active
medium it is still not easy to calculate the shape of the gaining part
that participates in the generation process.
The third method proposed in [11], combines the ﬁrst and the
second methods. In this case, one should determine generation
characteristics for at least two different reﬂections of the output
couplers and evaluate L, K and PF by solving coupled Eqs. (3) and
(4). In the third method the evaluation of L and K should be done
as follows: (1) using (3), for two slop efﬁciencies determined for
two reﬂections of the output couplers, the value of L should be cal-
culated (eliminating KPF); (2) using (4), for evaluated L, the value of
K should be determined. The procedure should be repeated for
each combination of two output couplers chosen from the couplers
for which the generation was achieved. Finally the results should
be averaged.3. Experimental
For laser generation experiments four different types of glasses
doped with ytterbium and erbium ions were used as the gain med-
ium. One of them was Concentrated glass with concentration of
ytterbium ions as high as 4.2  1021 cm3 [14]. The second type of
glass was EAT14 glass with concentration of ytterbium ions equal
to 2.0  1021 cm3 [15]. The third and fourth types of glasses were
PAL77 and PAL80 with concentration of ytterbium ions equal to
1.73  1021 cm3 and 1.72  1021 cm3, respectively. The glasses
PAL77 and PAL80 as well as EAT14 and Concentrated are typical
phosphate glasses.
The glass samples used in the laser experiments were ﬂat and
parallel round plates of diameter equal to 8 mm. The length l, the
concentration of dopants of erbium NEr and ytterbium NYb and
the small signal absorption coefﬁcient a0 at 975 nm wavelength
for all samples are presented in Table 1.To achieve efﬁcient laser generation appropriate coatings were
deposited on the samples. As shown in Fig. 1, dichroic input mirror
with high transmission (HT) at 975 nm and high reﬂection (HR) at
1535 nm wavelength was deposited on the front face of the sam-
ples. The other side of the samples was coated with antireﬂection
layers (AR) at 1535 nm wavelength.
Generation investigations were carried out for four different
reﬂections of the output plain-parallel couplers R (98.70%,
98.15%, 97.64%, and 96.49%). The length of the resonator was equal
to 5 mm. To pump the samples a ﬁber coupled laser diode was
used that operated at 975 nm wavelength at room temperature
(25 C). To avoid the damage of the glass by heat a quasi cw regime
with period equal to 20 ms and duty-cycle of 50% was applied. The
experimental setup is presented in Fig. 2.4. Results and calculations
The laser generation for all samples and all output couplers was
achieved. The generated output power versus pump power was
examined. On the basis of these characteristics the pump power
at threshold Pth and the slop efﬁciency rS were calculated. The
exemplary generation characteristics representing the average
output power versus the average pump power along with the
straight line approximation for PAL77-1 sample are shown in
Fig. 3. The pump power at threshold Pth and the slop efﬁciency
rS for all samples and all output couplers are presented in
Table 2. On the basis of these results the small signal gain coefﬁ-
cient ki and the dissipative losses L were calculated using methods
presented in Section 2.
Fig. 3. Output power versus pump power for PAL77-1.
Table 2
Results of the investigations and calculations of parameters.
Sample R (%) rS
(%)
Pth
(mW)
I method II method III method Rmp
(%)
K
(W1)
kipp
(cm1)
L Ropt
(%)
Kav
(W1)
kipp
(cm1)
Lav Ropt
(%)
Kav
(W1)
kipp
(cm1)
Lav Ropt
(%)
Glass 98.70 10.34 160.0 730.183 32.443 6.427 96.98 6.500 7.810 0.034 cn 5.525 5.251 0.004 94.10 97.64
98.15 7.38 173.1
97.64 11.2 189.3
96.49 7.57 221.1
EAT14-2 98.70 13.17 171.8 0.026 16.007 3.221 99.02 7.243 4.557 0.035 cn 6.404 3.651 0.006 94.16 97.64
98.15 8.14 145.2
97.64 14.58 146.4
96.49 14.94 166.0
EAT14-4 98.70 16.68 131.8 322.569 15.413 4.499 93.99 5.247 2.131 0.035 cn 7.144 4.458 0.002 95.15 97.64
98.15 16.41 135.7
97.64 17.54 144.6
96.49 17.54 152.0
PAL77-1 98.70 7.16 178.9 0.078 18.658 7.194 94.91 4.684 1.528 0.035 cn 4.348 0.809 0.009 95.73 97.64
98.15 7.72 185.0
97.64 10.35 189.7
96.49 11.1 205.9
PAL77-2 98.70 9.88 212.2 0.026 19.149 7.318 97.96 4.625 1.406 0.035 cn 4.248 0.583 0.007 96.81 98.70
98.15 10.16 220.3
97.64 8.42 246.5
96.49 8.79 286.1
PAL80-1 98.70 8.49 222.4 536.121 18.620 7.231 1.081 4.600 1.319 0.035 cn 4.115 0.268 0.013 97.69 98.70
98.15 8.55 235.5
97.64 10.08 261.8
96.49 8.63 295.3
PAL80-2 98.70 8.48 221.3 431.852 18.553 7.198 1.077 4.675 1.471 0.035 cn 4.442 0.990 0.013 94.47 97.64
98.15 9.06 233.0
97.64 11.27 236.0
96.49 7.96 273.1
PAL80-3 98.70 11.2 215.6 326.323 18.442 7.149 1.073 4.589 1.296 0.035 cn 4.33 0.749 0.013 95.33 97.64
98.15 11.1 237.6
97.64 12.82 234.7
96.49 11.76 251.2
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versus the pump power at threshold Pth for different reﬂections of
the output couplers were approximated by the Eq. (1) giving K and
L. To do this a special software was developed in MATLAB. The val-
ues of a0 and l that were used for the calculations are presented in
Table 1.For the second method the Eqs. (3) and (4) were used. For each
reﬂection of the output coupler R the parameters K and L were cal-
culated and then averaged giving Kav and Lav. The values of the
parameters a0, l and ntot used for calculations are presented in
Table 1, where ntot = NEr. The value of sf was assumed to be equal
to 9 ms [14,15] while the value of mL was equal to 1535 nm. The
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Dp is the diameter of the pump beam in the gain medium that was
equal to 100 lm.
In the third method of evaluation of K and L the following pro-
cedure was adopted: (1) using Eq. (3), for two slop efﬁciencies
determined for two different reﬂections of the output couplers,
the value of L was calculated (eliminating KPF); (2) using Eq. (4),
for evaluated L, the value of K was determined. The procedure
was repeated for all combinations of the output couplers. It means
that for four output couplers there were six combinations and six
results of calculations. Finally the results were averaged giving
Kav and Lav. The values of a0 and l that were used for the calcula-
tions are presented in Table 1.
The parameters K, Kav, L and Lav calculated in this way are
shown in Table 2.
To validate the methods optimization procedure (calculation of
the optimal reﬂection of the output coupler) for cw generation was
carried out. The optimal reﬂection of the output coupler can be
determined for a deﬁned pump power [13]. Thus for all three
methods the small signal gain coefﬁcient kipp at the pump power
Pp equal to 250 mW was calculated using Eq. (2). The value of Pp
was chosen to be in the middle of the range of the pump power
used in the experiments. The parameters kipp and L (ﬁrst method)
and Lav (second and third method) were input data for
optimization procedure to determine the optimal reﬂection of
the output coupler Ropt at the deﬁned pump power 250 mW. The
calculations were carried out using the equation
Ropt ¼ exp Lo
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2kippl=Lo
p  1   [13], where Lo = L for the ﬁrst
method and Lo = Lav for the second and third method. The calcu-
lated values of Ropt are presented in Table 2. In case of the second
method almost all values of Ropt were complex numbers which
were designated as cn.
5. Discussion
Looking at Table 2 one can see that some of the calculated
parameters are not physical. It is in case of kipp, L and Lav when their
values are negative. Also values of L and Lavwhich are higher than 1
should not be considered as they are also not physical (laser gen-
eration is such case would not be possible). It means that the cal-
culations that use them are not appropriate and are not reliable
even though they seem to be in good accordance with what one
can expect (transmission of the output coupler equal to several
%). Thus in case of the ﬁrst method we received expected values
of Ropt but we cannot rely on them because they were calculated
using unphysical values of kipp and L. For the second method Lav
is also unphysical (it is negative) so we again cannot rely on the
values of Ropt. In this case the values of Ropt are complex numbers.
The only physical values of kipp and Lav are for the third method,
thus it is the only method that gives reliable values of Ropt. These
values can also be treated as accurate and appropriately calculated.
The variations of Lav and kipp for the same type of glass may be
caused by the measurement or calculation uncertainty or by the
minor inhomogeneities of the glass, however the differences are
very small.To ﬁnd the answer to the question whether the third method is
accurate enough to be applied to three-level microchip lasers one
can compere optimal reﬂection of the output coupler Ropt with
the reﬂection of the output coupler for which the generated output
power at the deﬁned pump power 250 mW was maximum Rmp
(Rmp is also presented in Table 2). The difference between Ropt
and Rmp for all samples is below 4% which shows that the accuracy
of this method is very high and it can be applied to three-level
microchip lasers.
6. Conclusions
The article presents the study of three methods of evaluation of
the small signal gain coefﬁcient and the dissipative losses of three-
level microchip lasers. On the basis of generation characteristics for
different reﬂections of the output couplers the initial gain coefﬁ-
cient and the dissipative losses for a given resonator were calcu-
lated. Applying optimization procedure for cw lasers which
determines the optimal value of reﬂection of the output coupler
at a deﬁned pump power a very simple way to compare these
methods was shown. The ﬁrst and the second methods are not
appropriate because of unphysical values of some of the calculated
parameters while the third method seems to be reliable. By com-
pering calculated optimal reﬂection of the output coupler at the
deﬁned pump power with the reﬂection for which the generated
output power at the deﬁned pump power was maximum, one
can conclude that the third method of evaluation of the small
signal gain coefﬁcient and the dissipative losses of three-level
microchip lasers is accurate enough and can be applied to such
type of lasers.
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